Abstract
INTRODUCTION
Aortic valve stenosis and mitral valve regurgitation (MR) have become the most frequent valvular diseases in Western countries in recent decades [1] . Increasing life expectancy allied with improved surgical outcomes has contributed to a growing need for concomitant aortic and mitral valve (MV) surgery [2, 3] . However, the potential benefit of MV repair over replacement in patients having double valve surgery remains uncertain. Theoretically, double valve replacement would be the likely procedure, because there would be no advantage in repairing a valve when another required replacement. Nevertheless, the excellent results of isolated MV repair in the correction of severe degenerative MR with regard to hospital mortality, long-term survival, preservation of left ventricular function and freedom from valverelated complications (thromboembolism, anticoagulant-related bleeding and endocarditis) [4] [5] [6] have encouraged its application in cases of aortic valve replacement (AVR). The lack of convincing data on the use of MV repair in combined or multiple-valve disease precludes one from making evidence-based recommendations. The major international guidelines for the management of valvular heart disease (European Society of Cardiology/European Association for Cardio-Thoracic Surgery and American College of Cardiology/American Heart Association) [7, 8] are vague in this regard, partially due to the absence of randomized controlled trials and the scarcity of observational studies.
Although the current trend is to favour repair in patients with non-rheumatic MV disease [9] , there is considerable controversy surrounding MV repair in patients with rheumatic disease. Leaflet fibrosis, subvalvular thickening and retraction and commissural fusion all contribute to lower probability and durability of the repair. Poorer outcomes have driven surgeons away from attempting repair in this context, which poses additional difficulties in interpreting surgical results, as there are even fewer studies addressing this subject [10] [11] [12] .
Therefore, our goals were to (i) evaluate the feasibility of repair in patients undergoing mitral and aortic valve surgery and to identify factors predisposing to replacement, (ii) compare longterm outcomes (survival and MV reoperation) of repair and replacement in this context and (iii) perform a subgroup analysis in patients with rheumatic MV disease.
MATERIALS AND METHODS

Patient population
From January 1992 through December 2016, 1122 patients were consecutively submitted to concomitant aortic (replacement only) and MV surgery (repair or replacement) in 2 different centres [university hospitals of Coimbra, Portugal (n = 1039) and Santiago de Compostela, Spain (n = 83)]. Of these, 837 patients underwent MV repair (74.6%) and 285 patients had MV replacement (25.4%). Patients with additional procedures, such as coronary artery bypass graft (CABG), tricuspid valve surgery and ascending aorta surgery, were admitted to the study. Patients with previous MV interventions other than MV replacement (percutaneous mitral balloon valvuloplasty, open or closed commissurotomy and other MV valvuloplasty) were also included.
The mean age of the population was 63.0 ± 12.8 years (25th-75th percentile 53-70). Patients who had MV replacement were significantly older (63.6 ± 10.7 vs 59.7 ± 13.4 years of age, P < 0.001), more symptomatic, had more comorbidities and a greater prevalence of tricuspid valve disease. Patient characteristics are listed in Table 1 . Rheumatic disease was the most frequent aetiology of MV disease, present in 666 patients (59.4%), followed by degenerative disease in 326 (29%) and secondary (functional) disease in 59 (5.3%). All patients from both centres had moderate to severe or severe MV disease, either as stenosis, regurgitation or mixed lesion.
Definitions
Mortality and morbidity were reported according to the latest 'guidelines for reporting mortality and morbidity after cardiac valve interventions' [13] . Early mortality was defined as death in hospital or within 30 days, and late mortality was defined as death occurring beyond this period.
MV aetiology was classified following a thorough analysis of the clinical information, echocardiograms and operative reports. For the purpose of this work and attending to the most frequent aetiologies found, we divided MV disease into 4 major categories: degenerative, rheumatic, secondary (functional) and others (only 6.3% of the entire study population). Secondary MV disease was defined as dysfunction without structural abnormalities of the MV apparatus such as valve prolapse, significant calcification of leaflets or annulus, ruptured chordae (degenerative) and concomitant mitral stenosis (rheumatic) [14] .
All patients had preoperative detailed echocardiographic and Doppler examinations. The severity of MR and other relevant measures were determined according to the accepted recommendations [15] . Intraoperative transoesophageal echocardiography, both pre-and post-repair, was routinely used from the beginning of the study, and no patient left the operating room after repair with greater than mild MR, as described previously [16] .
Our anticoagulation protocol included a target international normalized ratio of 2.0-3.0 for patients undergoing isolated AVR (mechanical prosthesis) and 2.5-3.5 for those having double valve replacement (mechanical). Patients with a bioprosthesis, either aortic or mitral, were given anti-aggregants only, if there were no other indications for anticoagulation.
Data collection
Data were retrieved from dedicated databases and included relevant preoperative demographic, clinical and echocardiographic variables, surgical information and postoperative records.
Follow-up information, complete for 95.6% of patients, was obtained through a mailed questionnaire or by telephone interview with surviving patients, family members or the patients' personal physicians, and included vital status and the need for MV reoperation. The cumulative follow-up for the entire cohort was 9522.6 patient-years (mean 8.5 ± 6.7 years; 25th-75th percentile 2.6-13.2 years).
All patients gave informed consent for surgery and granted us permission to use their medical records for research purposes, using forms approved by the ethic committee of the respective institutions.
Operative procedures and data
Mitral and aortic valve exposure was similar in both centres and included a left atriotomy posterior to Waterston's groove and a 'hockey-stick' incision in the ascending aorta, respectively. However, both centres differed significantly regarding the management of MV disease. In Coimbra, repair was attempted in the majority of patients (79.1% repair rate). In Santiago, MV repair was performed less frequently (18.1%). The operative procedures are detailed in Table 2 .
Anticoagulant management
Anticoagulation was initiated with warfarin on the first or second postoperative day. A target international normalized ratio of 2.0-3.0 was adopted for isolated mechanical AVR and 2.5-3.5 for double mechanical valve replacement. Patients with a bioprosthesis were maintained with aspirin after a 3-month period (after surgery) under anticoagulation, if there was no formal indication for anticoagulation.
Statistical analysis
The statistical analysis was performed according to the statistical and data reporting guidelines of the European Journal of CardioThoracic Surgery and Interactive CardioVascular and Thoracic Surgery [17] .
Continuous variables are reported as mean ± standard deviation and the median with the 25th-75th percentile and compared using the independent Student's t-test if normally distributed and using the Mann-Whitney U-test for variables with non-normal distribution. Univariable analysis of categorical data was performed using the v 2 (when no cell was expected to count <5 in contingency tables) or the Fisher's exact test, and the results are presented as percentages.
A multiple logistic regression was performed to identify factors predisposing to replacement rather than repair. Overall survival and freedom from reoperation were plotted using the Kaplan-Meier method, and comparison was made by the logrank test. Multivariable analyses to identify risk factors for late mortality or reoperation were performed using Cox regression models and calculating hazard ratios and 95% confidence intervals (CIs). All variables with a P-value <0.2 in the univariable analysis were entered in the multivariable analysis (logistic regression or Cox models); in the final model, only those variables with a Pvalue <0.05 or clinically relevant were retained. To estimate the probability that a patient would have the MV replaced rather than repaired, a multivariable logistic regression model was designed by incorporating demographic information, clinical status and relevant cardiac and non-cardiac comorbidities (Supplementary Material, Table S1 ), and a propensity score was determined for each patient. Patients were matched according to the propensity score previously calculated by the 'nearest neighbour matching' technique, using a calliper of 0.1. Each patient was matched to a single patient (no-replacement). After matching, 232 patients for each group (MV repair vs MV replacement) were obtained for comparison (survival and freedom from reoperation).
Subgroup analysis was performed to evaluate the impact of repairing versus replacing the MV in patients with rheumatic MV disease undergoing AVR. This analysis was prespecified.
Statistical significance was defined as a 2-tailed P-value <0.05. The data were analysed using the statistical package program SPSS (version 20.0. IBM Corp., Armonk, NY, USA).
RESULTS
Assessment of the feasibility of mitral valve repair
MV repair was performed in 74.6% of the whole population and in 79.2% of patients who had primary MV surgery. In the higher volume centre (Coimbra), the rate of MV repair (primary MV intervention) was even higher, increasing to 94.5% in patients with degenerative MR (flail leaflet) and to 77.6% in those with rheumatic MV disease. Several factors were significantly associated with the probability of having MV replacement in the univariable analysis: MV aetiology; coronary artery disease (CAD); degree of tricuspid valve regurgitation; hypertension; diabetes; atrial fibrillation; chronic obstructive pulmonary disease; degree of MR; higher left atrium and ventricular (systolic) dimensions; higher transaortic gradients; and higher systolic pulmonary artery pressure, surgeon (most experienced) and surgical centre. In the multivariable analysis, only previous MV intervention, surgeon, surgical centre, rheumatic involvement, chronic obstructive pulmonary disease and higher degrees of tricuspid valve regurgitation, MR and systolic pulmonary artery pressure were correlated with MV replacement (Table 3) .
Early mortality and late survival
The 30-day mortality rate for the entire study population was 2.4% (27 patients), significantly higher in the MV replacement group [4.2% vs 1.8%; odds ratio (OR) 2.4, 95% CI 1.1-5.2; P = 0.021] and confirmed in the propensity-matched group (4.7% vs 1.7%; OR 2.8, 95% CI 0.9-9.9; P = 0.06). Interestingly, in patients with rheumatic MV disease, the 30-day mortality rate was not significantly different (2.4% vs 1.5%; OR 1.6, 95% CI 0.5-5.1; P = 0.41).
During the follow-up period, 388 patients died (35.4% of patients who survived surgery). The unadjusted survival rate at 4, 8 and 12 years was superior in the MV repair group (85.0 ± 1.3%, 74.1 ± 1.7% and 61.7 ± 2.0%) compared with that in the MV replacement group (81.7 ± 2.5%, 71.9 ± 3.2% and 53.3 ± 4.5%; P = 0.026) (Fig. 1A) . This effect persisted in the propensitymatched population (Fig. 1B) , where survival at 12 years was also better in the repair group, almost reaching statistical significance (63.3 ± 3.8% vs 54.6 ± 4.9%, P = 0.062). In the subgroup of patients with rheumatic MV disease (Fig. 2) , the 12-year survival rate was also significantly better in patients undergoing repair (68.0 ± 2.5% vs 57.9 ± 4.8%; P = 0.018). These results were replicated in both centres when each was evaluated individually.
Numerous factors were identified as risk factors for late mortality in the univariable analysis (P < 0.05): MV replacement, mechanical mitral and aortic prostheses, higher New York Heart Association (NYHA) class, CAD, hypertension, obesity, atrial fibrillation, CABG, age, low ejection fraction, higher degrees of tricuspid valve regurgitation, left atrium and ventricle (systolic) dilation and higher systolic pulmonary artery pressure. However, in the multivariable Cox analysis, only age, MV replacement, higher NYHA class, CAD and mechanical aortic prosthesis were considered independent risk factors for mortality (Table 4) .
Freedom from mitral valve reoperation
There were 58 reoperations to the MV during the study period for a linearized incidence of 0.64%/patient-year. The mean interval to reoperation was 8.1 ± 6.5 years (median 6.9 years; 25th-75th percentile 2.4-12.6 years). There were 17 reoperations in the MV 
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replacement group (6.0%) and 41 in the MV repair group (4.9%, P = 0.482). The causes of reoperation are listed in Table 5 , progression of the MV disease and periprosthetic leakage being the most frequent causes in MV repair and MV replacement, respectively. Freedom from MV reoperation at 6 and 12 years was superior in the MV repair group (98.5 ± 0.5% and 94.7 ± 1.1% vs 94.1 ± 1.8% and 89.0 ± 3.1%; P = 0.004) (Fig. 3A and B) ; this advantage was also observed in the propensity-matched population (P = 0.018).
Patients with degenerative MV disease had the most satisfactory results in this aspect: freedom from MV reoperation at 12 years was 97.7 ± 1.3% in contrast with those who had rheumatic disease (92.7 ± 1.3%, P = 0.038). Noteworthy, freedom from reoperation was similar between groups in rheumatic patients (91.4 ± 2.7% in MV repair vs 93.5 ± 1.5% in MV replacement at 12 years; P = 0.12) (Fig. 3C) .
In 6 cases of reoperation (5 in the MV replacement group and 1 in MV repair group), MV surgery was not the primary indication for surgery. Those cases included pannus obstruction, periprosthetic leakage and mitral restenosis. After exclusion of these patients, freedom from MV reoperation remained higher in the MV repair group, almost reaching statistical significance (P = 0.06). Moreover, in the propensity-matched group and in the rheumatic MV subgroup, the results remained the same.
DISCUSSION
The decision to repair or replace the MV in patients undergoing AVR is a challenge yet to be resolved. We believe that our data shed some light on this subject. Firstly, mitroaortic valve surgery, with or without concomitant procedures and including redo cases, can be performed with low mortality (2.4%). Secondly, it is possible to perform MV repair in most cases, even in those with rheumatic disease. Thirdly, there appears to be a survival advantage in repairing the MV in these circumstances, and this was also demonstrated in a propensity-matched population and validated in patients with rheumatic MV disease. Finally, there was no difference in the reoperation rates after repair or replacement of the MV.
Which mitral valves can be repaired?
MV repair for the treatment of isolated severe MR has been established as the gold standard of surgical care in patients with degenerative MV disease, particularly in cases of MV prolapse. This has been demonstrated even in complex cases, such as bileaflet prolapse and Barlow's disease [16] . In contrast, the reported rate of MV repair during AVR is widely variable, ranging from 12% to 80% [10, 11, 14, 18, 19] . In a recent report from the Society of Thoracic Surgeons Adult Cardiac Surgery Database (STS-ACSD), which includes 23 404 patients operated on from 1993 to 2007, MV repair was performed in 46% of the patients and replacement in 54% of the patients during AVR [20] . The authors found that MV repair was associated with an independent lower risk of operative mortality (OR 0.61), which improved over time. Despite not having evaluated other important outcomes, such as survival, event-free survival and MV reoperation or MR recurrence, they claimed that during mitroaortic surgery, MV repair should remain the preferred treatment whenever feasible. As expected, rheumatic MV disease was identified as the most powerful independent predictor of MV replacement (5-fold risk) in our population, although we were able to repair 77.6% of rheumatic valves (excluding patients with previous MV surgery). Of note, the high rate of repair achieved in patients with degenerative MV disease (94.5%) in one of our two centres will be a probable scenario in the coming years, because patients with rheumatic valves are slowly disappearing in Western countries. Naturally, not all valves are amenable to repair, particularly those with heavily calcified leaflets or annulus, or with extensive rheumatic involvement (severely thickened, immobile and retracted leaflets and chordae).
Thirty-day mortality and long-term survival
Concomitant aortic and MV surgery carries an additional risk compared with isolated valve surgery. Data from the STS-ACSD revealed an unadjusted operative mortality rate of 8.2% when the MV was repaired and 11.6% when it was replaced (P < 0.0001). Furthermore, a report from the Northern New England Cardiovascular Disease Study Group showed an even higher in-hospital mortality rate of 15.5% (11.0% for patients <70 years, 18.0% for those 70-79 years and 24% for those >80 years) [21] . However, we and others have clearly demonstrated that, with experience, it is possible to have a significantly lower 30-day mortality rate (1-3%) even when other procedures are performed concomitantly [11, 14] .
In all experiences, double valve replacement is associated with a greater risk of early death, probably related to perioperative complications, such as rupture of the atrioventricular sulcus, obstruction of the left outflow tract and low cardiac output. In our study, MV replacement was also associated with a significantly higher 30-day mortality rate (4.2% vs 1.8%, P = 0.021), and this was also observed in the propensity-matched population (4.7% vs 1.7%), almost reaching statistical significance (P = 0.06). This finding was also described in a recent meta-analysis of observational studies, evaluating the outcomes of MV repair compared with MV replacement in this setting [9] . Several risk factors have been identified, such as age, associated CABG and renal failure with dialysis, and they should also be taken into account when deciding which MV procedure to use.
Beyond the immediate results, the impact of the surgical option on the long-term outcomes, particularly on late survival, is the focus of intense debate. There are several reasons for the heterogeneity of the results reported [11, 12, 22] . First, the populations among the studies differ with regard to age, patient characteristics, inclusion (or not) of other procedures and the aetiology of the MV disease. Second, almost all series published have significantly more patients in the replacement group than in the repair group. This difference is especially worrisome when evaluating the subgroup of patients with rheumatic MV disease, where the 'repair arm' is scarce, which raises concerns about the interpretation of the results. We believe that our study is singular because the majority of patients had MV repair, even the patients with rheumatic disease. Finally, the length of follow-up varied with different studies.
In our series, late survival was significantly better after MV repair in the overall population, in the propensity-matched patients and in the subgroup of patients with rheumatic MV disease. Conversely, MV replacement was independently associated with long-term mortality-a fact also demonstrated in the meta-analysis performed by Saurav et al. [9] . CAD, age, mechanical aortic prosthesis and higher NYHA class were identified as predictors of late mortality. Turina et al. [23] found that lower ejection fraction and tricuspid valve surgery were also risk factors for impaired survival in this context. The latter factors and the presence of symptoms are characteristic of a more advanced stage of the disease, which may indicate that patients should be sent to surgery earlier. The majority of these factors was more prevalent in the MV replacement group, which can further worsen their prognosis.
Mitral valve reoperation
Surprisingly, freedom from reoperation to the MV was higher in the repair group (overall and propensity score matching population), which is in contradiction with the findings of the majority of studies [11, 18, 19] . Additionally, we did not find any difference in the rheumatic population, which is known to be associated with lesser durability of repair. Nonetheless, some caution should be exerted when drawing conclusions because in six patients submitted to redo MV surgery the primary indication for surgery was not the MV. After excluding these patients, freedom from MV reoperation remained higher in the MV repair group, although not significantly so. However, this finding did not change the results in the propensity score matching and rheumatic patients. Ho et al. [22] evaluated 609 patients with rheumatic heart disease who underwent AVR with either MV repair (n = 201) or MV replacement (n = 408). They also did not find any difference with regard to MV reoperation. Our results may be attributed to our extensive experience in repairing rheumatic MVs (over a thousand patients), which may not be reproducible by low-volume centres. In our experience, patients usually return to surgery on average 12-17 years after the initial operation, which means that these results would surely be different after a 20-year follow-up period. On the contrary, in degenerative disease this difference probably will not dissipate over time [24] .
Limitations
The lack of randomization is always prone to the appearance of unmeasured confounding factors and selection bias. We have tried to minimize these factors by performing the propensity score matching (232 patients per group) and multivariable analyses. The inclusion of 2 centres with distinct approaches to MV disease, 1 more 'aggressive' in repairing all kinds of MV aetiologies and the other keener on replacement, can lead to some heterogeneity of the data. However, we believe that the evaluation of the impact of the surgical choice (repair versus replacement) is not impaired by these 2 distinct strategies.
Repairing rheumatic MV is more demanding and surgeondependent, and so the issue of the generalizability of the results should also be raised in this setting. Nevertheless, these patients also benefited from having their valves repaired, and so surgeons should strive to repair those valves, and these results should be regarded as an incentive.
CONCLUSIONS
This study confirms that, whenever feasible, MV repair is the procedure of choice in patients undergoing simultaneous AVR because it is associated with lower early and late mortality rates when compared with replacement and with similar rates of reoperation. We have also demonstrated that MV repair can be performed in the majority of cases. Therefore, strategies to improve MV repair rates in this setting should be pursued in the future.
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